INTRODUCTION {#Sec1}
============

The severe acute respiratory syndrome (SARS), caused by SARS-associated coronavirus (SARS-CoV) ^[@CR1]^, was recently identified as a new clinical entity. It apparently began in Guangdong province of China in November of 2002 and has spread to several countries ^[@CR2]^. More than 8000 probable SARS cases and 900 related deaths were reported. SARS spread has caused the unstability for the globe society and dramatically decreased the economy development over the world. Accurate diagnosis and explorirg a tool to understand the pathogenesis of the disease are in urgent need ^[@CR3]^.

SARS-CoV is now identified as a member of the coronavirus family of enveloped, positive-stranded RNA viruses, which have a broad host range. The genome of SARS-CoV has 29,727 nucleotides in length containing 11 open reading frames. The structural proteins of SARS- CoV include: the surface spike (S) glycoprotein, the membrane (M) protein, the small envelope (E) glycoprotein and the nucleocapsid (N) protein ^[@CR4],\ [@CR5]^. All of them are crucial to form the architecture of SARS CoV, especially S and N protein, which may be the best candidates for therapeutic target of SARS.

The spike protein, forming the ∼180 kD glycoprotein projection on the viral surface, is crucial for viral attachment and entry into the host cell. The first step of the infectious cycle of enveloped viruses is the interaction with cellular receptors and subsequent fusion with the cell membrane, which is mediated by spike protein. Variations of S protein among strains of coronavirus are responsible for host range and tissue tropism ^[@CR6]^. The spike proteins of some coronaviruses have to be cleaved to become fusion competent (S1 and S2 subunits), but some others do not ^[@CR7]^. However there is no experimental evidence to indicate that whether the spike protein of SARS-CoV is cleaved.

Nucleocapid (N) protein has multiple functions that are involved in providing nuclear-import signals, interfering cell process, virus replication and RNA package. In addition, N protein in many coronaviruses is highly conserved, immunogenic, and abundantly expressed during infection. These features make it to be a suitable candidate for raising neutralizing antibodies and diagnosis applications ^[@CR8],\ [@CR9]^.

E protein is associated with coronavirus envelope formation. Coexpression of coronavirus M protein and E protein results in the production of virus-like particles (VLPs), while expression of M protein alone does not produce VLPs ^[@CR10],\ [@CR11]^. Another major biological function of E protein is that it can induce apoptosis in E-protein-expressing cells ^[@CR12]^. Coronavirus replicase gene encompasses two overlapping translation products, polyprotein 1a (∼450 kD) and 1b (∼750 kD), both of which are conserved in length and amino acid sequence with other coronavirus replicase proteins. Polyprotein 1a and 1b are cleaved by the internally encoded 3C-like protease (3CL) to release functional proteins necessary for virus replication ^[@CR13]^. The SARS 3CL is fully conserved among all released SARS coronavirus genome sequences and is highly homologous with other coronavirus 3CL protease.

In order to study the functions of proteins of SARS coronavirus, specific antibodies against these proteins are in great requisites. Now we generated specific antibodies against nucleocapsid (N), spike (S1 and S2), small envelope (E) proteins and 3CL protease. Our results showed that all of these antibodies had high affinity to bind to their relevant prokaryotic expressed proteins. Furthermore, antibodies against S1, S2, N protein could detect their corresponding proteins from the lysates of SARS-CoV infected Vero E6 cells. Immunnoprecipitation showed that S protein is cleaved into S1 and S2 fragments in SARS-CoV infected Vero E6 cells, thus demonstrating the cleavage of S protein in host cells, which may play a crucial role in pathogenesis of SARS infection.

MATERIALS AND METHODS {#Sec2}
=====================

Animals {#Sec3}
-------

New Zealand rabbits were purchased form Shanghai Laboratory Animal Center, Chinese Academy of Sciences. Animals were kept in conventional conditions and were handled in compliance with Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China) guidelines for animal care and use.

Prokaryotic expression and purification of S1, S2, N, E, 3-CL proteins of SARS-CoV {#Sec4}
----------------------------------------------------------------------------------

*SARS-S1* (1-667 aa), *S2* (668-1255 aa), *S*, *E* genes were in-framely inserted into vectors pGEX-4T1, pGEX-3x, pGEX-4T1 and pGEX-2T, and other two genes (N and 3CL genes) were inserted into vectors pets and then transformed into *E. coli* strain, BL21 (DE3). The bacterial cells were grown in LB medium at 37°C with ampicillin (1.0 mM). For the expression of SARS-S1, S2, S proteins, bacterial cells were induced by IPTG (final concentration 0.1 mM-0.2 mM) for 3 h in 22°C and then cells were recovered and disrupted by French Pressure cell press. Since most of S, S1 and S2 proteins were found in the insoluble fraction of the cell lysates, we purified S, S1, S2 proteins by Model 422 Electro-Eluter (Bio-Rad) according to Manufacturer\'s manual. For the expression of SARS-E protein, bacterial cells were induced with 0.5 mM of IPTG. After induction at 25°C for 5 h, cells were harvested by centrifugation and suspended in 20 ml of sonication buffer (50 mM Tris-HCl, pH 8.0, 1 mM edetic acid, 300 mM NaCl, 1 mM dithiothreitol (DDT) , 1 mM PMSF) and sonicated on ice bath for 30 min. The supernatant was applied to a glutathione Sepharose 4B column equilibrated with Buffer A (50 mM Tris-HCl, pH 8.0, 1 mM DDT) and the column was washed with the same buffer. After the GST-fused SARS-E protein bound column was equilibrated with Buffer B (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10 mM reduced glutathione) at 4°C for 1 h, the eluate was collected. For SARS-3CL, N protein expression, bacterial cells was induced by IPTG (10 mM) at 22°C for 16h in tryptone-phosphate medium, proteins were extracted with buffer containing 50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, 1 mM DTT, 1 mM Phenyl-methylsulfonyl fluoride, 10 mM imidazole, and 0.5 mg/ml lysozyme. The supernatant of the extract from 1 L of culture was loaded onto a Ni-NTA agarose column (8 ml) followed by washing with ∼100 ml of 20 mM imidazole in buffer A (50 mM NaH~2~PO~4~, pH 8.0, 300 mM NaCl, 1 mM DTT, and 1 mM Phenylmethylsulfonyl fluoride). Proteins were then eluted with 50 mM imidazole in buffer A.

Immunization and raising polyclonal antibodies {#Sec5}
----------------------------------------------

Rabbits were immunized s.c. at multiple sites on the back with 1 mg of indicated protein in 0.4 ml emulsion 1/1 v/v with complete Freund\'s adjuvant (CFA) containing 1 mg/ml Mycobacterium tuberculosis. The rabbits were boosted with the same antigens on 21 d and 42 d following the immunization. Blood was drawn from rabbits a week later following the second boost immunization and the blood was allowed to clot at 4°C. The antiserum was recovered by centrifugation.

Generation of monoclonal antibody against S2 fragment {#Sec6}
-----------------------------------------------------

Female BALB/c mice were immunized three times with the purified recombinant S2 protein. Spleen cells from the immunized mouse were fused with SP2/0 murine myeloma cells through standard procedures. Culture supernatants of the hybridoma were screened using indirect ELISA. After repeated screening and cloning with limiting dilution, four hybridoma clones were obtained. The mAb isotyping was carried out by using mouse sub-isotyping panel (Bio-Rad).

ELISA {#Sec7}
-----

The titers of the antisera from rabbits were determined by ELISA as described previously ^[@CR14]^. In brief, 96-well (Corning Costar) were coated with the tested protein in 0.1M carbonate buffer (pH9.6) (20 mg/ml, 50 μl/well) at 4°C overnight. After blocking with PBS containing 10% fetal bovine serum (FBS) /0.1% Tween 20, and the plates were incubated with diluted rabbit antisera at various concentrations at 37°C for 2 h. Bound antibodies were determined with HRP-coupled goat anti-rabbit IgG (Bio-Rad) and the OD values at 450 nm were measured by microplate autoreader (Biotek).

SDS-PAGE and coomassie brilliant blue staining {#Sec8}
----------------------------------------------

Purified proteins were loaded in SDS-sample buffer \[50 nM Tris-HCl (pH 6.8), 2% w/v SDS, 10% glycerol, 100 mM DTT and 0.1% w/v bromophennol blue\] and size fractionated on 10% SDS-PAGE. The gel was stained by coomassie brilliant blue staining solution for 0.5 h and then destained.

Immunoprecipitation and western blotting {#Sec9}
----------------------------------------

Purified proteins and SARS CoV infected Vero-E6 cell lysates were loaded in SDS-sample buffer \[50 nM Tris-HCl (pH 6.8), 2% w/v SDS, 10% glycerol, 100 mM DTT and 0.1% w/v bromophennol blue\] and size fractionated on SDS-PAGE (S1, S2, N protein on 10% SDS-PAGE, and E and 3CL protein on 15% SDS-PAGE). After being transferd to Nitrocellulose Transfer Membrane (pall corporation), the blots were incubated in blocking buffer (TBS containing 5% skim milk powder and 0.1% Tween 20) and probed with diluted rabbit antibody (1:10000) for 1 h. After washing, the membrane was incubated with HRP-conjugated goat anti-rabbit IgG (H+L) antibody (1:1500) (Southern Biotech), washed and analyzed using ECL reagents (Amersham Pharmacia Biotech).

For immunoprecipitiation, SARS-CoV (Beijing-01, see Supplement 1) infected Vero E6 cells were lysed in lysis buffer (20 mM sodium phosphate, pH 7.5, 500 mM NaCl, 0.1% SDS, 1% NP40, 0.5% sodium deoxycholate and 0.02% sodium azide with protease inhibitors) and then the lysate was centrifuge at 14,000 g in a precooled centrifuge for 15 min. The supernatant was then incubated with anti-S2 polyclonal antibody for 4 h in 4°C. Then appropriate amount of immobilized protein A was added to the antigen-antibody complex and incubated for further 2 h in 4°C. After 3 times wash, the beads were boiled for 5 min to dissociate the immuno-complexes from the beads. SDS-PAGE and western blot were performed and S2-specific mAb was used to detect the target protein.

Immuno-electron microscopic analysis {#Sec10}
------------------------------------

One drop of SARS-CoV culture supernatant was added onto the parafilm and then the carbon-coated copper mesh was put upside-down in it for 15 min at room temperature. The mesh was removed gently from the viral solution and the excess solution should be blotted up by sterilized tissue paper. And then the mesh was absorbed with the viral particles upside-down in a drop of antibody (against S1 or S2 or the serum from SARS patient) on the parafilm for 1 h at 37°C in a humid box. After being washed with PBS for three times the mesh was put in the gold-SPA conjugate diluted (1:20) in PBS for 1 h at 37°°C, followed by four times wash with 1% BSA in PBS. The excess solution should be absorbed by sterilized tissue paper. The mesh was then put in 3% tungstenic phosphate for 1 min at room temperature. After the excess solution was soaked up by sterilized tissue paper and dried in the air the mesh was observed by electron microscopy for the gold-conjugated viruses.

RESULTS {#Sec11}
=======

Protein expression and purification {#Sec12}
-----------------------------------

Based on bioinformatics analysis and available information, we supposed the cleavage site is between amino acid residues 667-668 ^[@CR7]^, therefore the S 1-667 and S 668-1255 were designed as S1 and S2 subunits, respectively. The full lengths of spike protein (S), and its subunits, S1 and S2, and small envelope (E) protein were expressed as GST-fusion proteins. Vector with His-tag was linked to the sequences of 3CL and nucleocapsid (N) genes. Most of S, S1 and S2 proteins were found in the insoluble fraction of the cell lysates, whereas N, E and 3CL proteins were found in the soluble fraction. The S, S1, S2 proteins were purified by Model 422 Electro-Eluter (Bio-rad) while E protein was purified by Glutathione Sepharose 4B (Amersham Biosciences) and 3CL proteinase and N protein were purified by Ni-column. As we expected, purified S1 protein (102 kD), S2 protein (91 kD), full length S protein (166 kD), N protein (48 kD), E-protein (36 kD) and 3-CL protein (35 kD) revealed clear bands at right positions on SDS-PAGE gel ([Fig. 1](#Fig1){ref-type="fig"}).Figure 1Recombinant SARS-CoV nucleocapsid (N), spike (S, S1 and S2), small envelope (E) protein and 3-CL proteinase were purified and size fractionated on 10% SDS-PAGE. The gel was stained by coomassie brilliant blue staining.

Prokaryotic expressed proteins elicited high titer antibodies from immunized rabbits {#Sec13}
------------------------------------------------------------------------------------

After immunization with proteins, antisera against SARS-CoV N, S1 and S2, E and 3-CL proteins were collected. ELISA data showed that all the antisera had high affinity against the proteins used for immunization ([Tab.1](#Tab1){ref-type="table"}), suggesting that the expressed proteins of SARS-CoV were capable of inducing strong immune response in protein-immunized rabbits.Table 1Antibody titers against their corresponding proteins in protein-immunized rabbits were measured by ELISA. Before the immunization, sera were collected from rabbits (serve as pre-immunization) as control. Then the antisera were harvested following prokaryotic expressed proteins immunization in the rabbits one week later after last boost immunization (served as a post immunization).ProteinsSerum sampleTitersPre-immunization\<1000S1Post-immunization512,000Pre-immunization\<1000S2Post-immunization512,000Pre-immunization\<1000NPost-immunization1,024,000Pre-immunization\<1000Epost-immunization512,000Pre-immunization\<10003-CLPost-immunization\>1,024,000

To test the binding activities of these antibodies, the expressed proteins were used to be served as targets and their reactions with antibodies were analyzed by western blot. The results showed that the antibodies against E and 3-CL, N proteins had strong and specific binding signals to their corresponding antigens ([Fig. 2 A, B](#Fig2){ref-type="fig"} and [C](#Fig2){ref-type="fig"}). It was previously expected that anti-S1 and S2 Abs should be able to bind to both the full-length of S protein and their corresponding fragments and the data did provide evidence for that hypothesis ([Fig. 2 D](#Fig2){ref-type="fig"} and [E](#Fig2){ref-type="fig"}). Our results suggested that both anti-S1 and S2 antibodies could be used for S protein detection.Figure 2Antibodies binding to their corresponding proteins by western blot analysis. (**A**) anti-E antibody; (**B**) anti-3CL antibody; (**C**) anti-N antibody; (**D**) anti-S1 antibody; (**E**) anti-S2 antibody. The proteins were subjected to SDS-PAGE and transferred to Nitrocellulose Transfer Membrane. The blots were probed with the antisera (1:10000) and detected with HRP-conjugated goat anti-rabbits IgG.

Anti-S1, S2 and N antibodies were able to bind to their corresponding proteins in the lysate of SARS-CoV infected Vero E6 cells {#Sec14}
-------------------------------------------------------------------------------------------------------------------------------

Since the antibodies were capable of binding to prokaryotic expressed proteins, we wondered whether the antibodies could also directly bind to corresponding viral proteins. To address this question, Vero E6 cells were infected by SARS-CoV for 24 h. Then the cell lysate were collected and western bolt was performed to determine the binding activity of these Abs. It showed that the antibodies against S1, S2 and N proteins could bind to their corresponding proteins and detect them ([Fig. 3 A, B](#Fig3){ref-type="fig"} and [C](#Fig3){ref-type="fig"}), while the antibodies against E and 3CL were not detecting their corresponding proteins (data not shown). The results demonstrated that anti-S1, S2 and N antibodies were specific for their corresponding proteins from SARS-CoV.Figure 3Antibodies binding to relevant proteins from the lysates of SARS-CoV infected Vero E6 cell. (**A**) anti-S1 antibody; (**B**) anti-S2 antibody; (**C**) anti-N antibody. The *E.coli* expressed S or N protein and the lysates were subjected to SDS-PAGE and transferred to Nitrocellulose Transfer Membrane. The blots were probed with the antisera (1:10000) and detected with HRP-conjugated goat anti-rabbits IgG.

Anti-S1 and S2 antibodies directly bound to the spike protein on the surface of SARS CoV {#Sec15}
----------------------------------------------------------------------------------------

To evaluate whether anti-S1 and S2 Abs could directly bind to the virus, the binding activity of Abs to SARS-CoV viral particles were analyzed by electromicroscopy ^[@CR15],\ [@CR16]^. In order to give a positive control, serum containning high titer of antibodies against S protein (detected by ELISA-kit from BGL Life Tech Co.,Ltd, Beijing, China) was selected from a clinical diagnosed-SARS patient. The results showed that the complex of protein A-golden conjugate was capable of binding to the SARS-CoV viral particles in the presence of the serum of SARS patient ([Fig. 4 A](#Fig4){ref-type="fig"}). Furthermore, the antibodies against S1 and S2 were used to detect the viral particles successfully ([Fig. 4 B](#Fig4){ref-type="fig"} and [C](#Fig4){ref-type="fig"}), suggesting that S1 and S2 Abs were able to bind to SARS-CoV.Figure 4Electromicroscopy of SARS-CoV with human Serum of SARS patients and rabbits antisera of S1 and S2. (**A**) sera from SARS patient; (**B**) anti-S1 Ab; (**C**) anti-S2 Ab. After staining with sera, the SARS-CoVs were incubated with the complex of protein-A and golden-particles conjugate. Then the images were observed by electron microscopy.

S2 fragment was detectable in the lysate of SARS-CoV infected Vero E6 cells {#Sec16}
---------------------------------------------------------------------------

Given that S1 and S2 pAbs were both capable of binding to native S protein from the lysate and the S2 mAb is specific to detect S2 fragment, we assumed that if the S protein of SARS-CoV was cleaved during virus maturation in host cell, the S2 fragment should be detected by the S2 mAb in SARS-CoV infected Vero E6 cells. To address our questions, two experiments were designed. First, S2-specific mAb was directly used to detect native S2 fragment or full length of S protein in the lysate of SARS-CoV infected Vero E6 cells. Second, the lysate was initially immune-precipitated by S2 pAb and then the native S2 and S protein were detected by S2 mAb. The data showed that both S2 (about 85 kD) and S (180 kD) proteins were clearly detected in the two experimental conditions ([Fig. 5](#Fig5){ref-type="fig"}), indicating the cleavage of S protein is present in SARS-CoV infected Vero E6 cells.Figure 5The S2-specifc monoclonal antibody to detect the subunit of S2 fragment. The lysate with or without immunoprecipitation (IP) with S2 pAb and then the target proteins were determined by S2 mAb using western blot (WB) analysis. The lysate was prepared from SARS-CoV infected Vero E6 cells.

DISCUSSION {#Sec17}
==========

SARS-CoV has brought damages to human health over the world. Till now little is known about this newly emerged virus. The antibodies would be helpful for us to study SARS-CoV. In this study SARS-CoV N protein, S, S1 and S2 proteins, E and 3-CL proteins were expressed in *E. coli* system and purified. The antibodies were raised from the immunized rabbits. Further studies proved that these antibodies provided a high affinity and specificity to their relevant antigens.

According to whether Spike protein is cleaved or not, coronaviruses can be divided into two groups. In the first group the spike glycoprotein is translated as large polypeptide which is cleaved into S1 and S2 fragments, and in the second the S protein is left untouched. The cleavage site within the first group remains relatively conservative. Studies in Bovine coronavirus, Avian infectious bronchitis virus, human coronavirus and mouse hepatitis viruses (MHVs) suggested that there is a conserved sequence between the S1 and S2 subunits and the motif of the sequence is RRSR ^[@CR17],\ [@CR20]^. However, we could not find such a motif in SARS-CoV. Based on bioinformatis analysis are deduced that the cleavage site was located in the amino acid residues between R^667^ and S^668^ (RS^667--668^). Here we subcloned the sequence of SARS-CoV spike gene as two subunits (S1 and S2) which were expressed respectively. The results demonstrated that both antibodies against S1 and S2 could bind to intact S protein, indicating that both antibodies will be useful for detecting S protein. Since the cleavage of S protein may be critical for the pathogenesis of SARS-CoV infectivity, the generated anti-S1 and S2 antibodies would allow us to study the interaction between S1 and S2 proteins and their functions.

Although the pAb can specifically bind to its corresponding protein, it may not exclude the possibility of the cross reaction with non-specific protein. In order to overcome this barrier, we also generated S2-speciflc mAb. It showed that both S2 and S proteins could be detected in the lysate, indicating that the cleavage of S protein may be involved in the SARS-CoV maturation. This finding will be helpful to explore the pathogenesis of SARS-CoV infectivity as well as to develop new drug for disease treatment. For example, assuming the cleavage was very important for the SRAS-CoV infection, the inhibition of this processes may consequently stop the virus infection. Our finding is consistent with the results from Dr. Marcus Eickmann\'s group, which also demonstrated that the S protein of SRAS-CoV was cleaved into S1 and S2 fragments in Vero E6 cells (personal communication).

Taken together, we have generated antibodies against some of the most important proteins of SARS-CoV and among these, antibodies against S1, S2 and N protein had relatively high specificity and affinity of binding to SARS-CoV. By using these antibodies, we demonstrated that the S protein underwent cleavage in Vero E6 host cells. We will further confirm the above findings *in vivo* or in other cell lines and investigate how this cleavage is involved in the SARS-CoV pathogenesis.
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